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Executive Summary 

This is a three species stock assessment for walleye pollock (Gadus chalcogrammus), Pacific cod (Gadus 
macrocephalus) and arrowtooth flounder (Atheresthes stomias), from the Eastern Bering Sea (EBS), Alaska 
updated from Holsman et al.(2016). Results are presented from models estimated and projected without 
trophic interactions (single-species mode, SSM) and with trophic interactions (multi-species mode, MSM). 
The main features and settings for this multispecies model include: 

• Predation natural mortality is age specific and annually varying (M2). Residual (non-predation) natu-
ral mortality (M1) is age specific but not-annually varying and differs slightly from current assessments 
for each species (see Table 3 below). 

• Predator overlap index is set to 1 for all species (i.e., all prey are available to all predators). 
• A Ricker stock recruitment curve is fit internally to recruitment estimates without environmental 

covariates. 
• Weights at age for pollock are based on values from the 2017 SAFE report; for Pacific cod and ar-

rowtooth, they are calculated outside of the model using a temperature-dependent von Bertalanffy 
for 1979-2012 and assume 2012 weight at ages for 2013-2017. For projections, all three species use 
temperature-specfic weights at age using the temperature-dependent von Bertalanffy for 1979-2012. 

• Acoustic trawl survey selectivity was set equal to the SAFE report model estimates. 
• Fisheries selectivity and survey selectivity are age specific but constant over time. 
• Predator-prey suitability is age-specific but constant over time. 
• Arrowtooth flounder stock is treated as sexes combined (weight at age is calculated separately for males 

and females and combined using a mortality-based mean). 
• Maturity schedules are based on 2012 assessments and differ slightly from SAFE assessments. 

Key updates from the 2016 assessment: 

• Survey biomass and age composition from the NMFS bottom trawl survey and fishery observer database 
was updated through 2017. Acoustic trawl survey estimates were update to 2017 for pollock. Bottom 
temperature from the survey was updated through 2017. 

• Pacific cod residual natural mortality (M1ij was set to 0.47 to match the current Pacific cod assess-
ment). 

• Projections to derive ABC include a sequential method for determining universal B0, and include the 
constraint that SSBF > 0.35SSB0 for all years in the projection. 
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• For single species mode, the residual mortality matches that of current single species assessment models 
for pollock, Pacific cod, and arrowtooth flounder. The multi-species mode uses the same residual 
mortality vectors except for the ages 1 and 2 mortality rates for pollock, which were adjusted downward 
to 0.01 and 0.30, respectively. 

• A universal B0 approach for estimating ABC for single- and multi-species modes. 
• Pacific cod fishery composition data is based on lengths rather than model estimates of catch at age. 
• Bottom temperature is based on average survey bottom temperatures (observed) for the Bering Sea 

and are updated through 2015. 
• Only one harvest control rule is presented here; find the harvest rate that results in spawning biomass 

at 40% of unfished biomass (for all three species simultaneously) given that SSBF > 0.35SSB0 for all 
years in the projection. 

Summary of assessment results for 2017: 

Results from model runs show that pollock total and spawning biomass remains relatively high and similar 
to the past 4 years; there is a slight increase in estimates of 2017 spawning biomass for pollock. Pacific 
cod total biomass remains relatively high, but may be declining relative to 2015 and 2016, driven in part 
by low survey indices in 2017 which declined 35 % from 2016 values. Total biomass of Pacific cod in the 
model declined 13 % between 2016 and 2017; female spawning biomass continues to increase moderately but 
steadily after a low in 2008. Arrowtooth total and spawning biomass estimates suggest continued declines 
after a peak in 2008. 

Pollock recruitment is down in 2017 for the third year in a row and is lower than estimates for the past ten 
years (i.e., since 2006). Pacific cod recruitment has also been low for three years, and the 2017 estimate of 
age 1 recruitment (2016 year class) is at the lowest estimated point in the 39 year timeseries. Estimates of 
Arrowtooth flounder recruitment are below average. 

For ABC estimates the model was projected through the year 2104 (to attain relative equilibrium). This 
allowed estimating a proxy for B40% using the approach of Holsman et al. (2016) and Moffitt et al. (2016) 
where the model is projected under no fishing (simultaneously for pollock and Pacific cod, then for arrow-
tooth), and then projected under fishing to iteratively solve for the harvest rate that results in and average of 
40% of unfished biomass in the last 5 years of the projection (2098-2103), with the constraint that spawning 
biomass under fishing is always greater than 35% unfished biomass during the projection years. 

This method for estimating ABC resulted in a harvest rate that corresponds to about 59% B0 for pollock, 
50% for Pacific cod, and 40% for arrowtooth flounder for single species models, and about 81%, 52%, and 
40% for pollock, Pacific cod, and arrowtooth flounder using the multispecies model. 
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As estimated or recommended this year (2017) for: 

Walleye Pacific Arrowtooth 
Quantity pollock cod flounder 

SSM MSM SSM MSM SSM MSM 

2017 M (age 1) 0.9 1.692 0.38 0.801 0.269 0.746 
2017 Average 3+ M 0.3 0.311 0.38 0.38 0.226 0.227 
Projected (age 3+) B2018 (t) 13,464,854 12,313,165 869,106 842,670 495,141 486,705 
Projected SSB2018(t) 5,831,610 5,852,470 231,702 226,771 395,277 391,310 
*Projected SSB0,target(t) 5,354,407 3,833,194 394,392 368,614 445,020 417,477 
*Projected SSBtarget(t) 3,173,340 3,101,376 197,965 190,330 178,019 167,000 
**Target 2100 B/B0 0.593 0.809 0.502 0.516 0.4 0.4 
Ftarget 0.329 0.366 0.263 0.268 0.107 0.117 
FABC,2018 0.161 0.168 0.202 0.202 0.053 0.055 
ABCtarget 3,657,230 3,978,190 185,006 184,317 55,944 59,904 
ABC 1,954,180 2,034,666 147,374 144,210 28,695 29,398 

* SSB is based on the projected SSB at 2100 (equilibrium) 
** Target biomass ratios at year 2100 are based on Fmsy proxy of B/B0=0.4, given the constraint 
that B/B0 > 0.35 for every projection year. 

As estimated or recommended in 2016 for: 

Walleye Arrowtooth 
pollock Pacific cod flounder 

SSM MSM SSM MSM SSM MSM 

2016 M (natural 0.900 1.790 0.340 0.960 0.269 0.825 
mortality age 1) 
2016 Average 3+ M 0.300 0.315 0.340 0.340 0.226 0.228 
(across ages) 
2016 total (age 3+) 14,646,800 15,039,635 1,313,105 1,308,217 517,976 513,564 
biomass (t) 
2016 SSB (female 5,418,040 5,568,810 241,631 239,855 375,576 372,527 
spawning biomass; t) 
*Projected SSB0 (t) 5,332,960 3,961,210 435,039 415,105 482,457 447,489 
*Projected SSB40% (t) 2,135,160 1,584,430 174,503 166,030 192,974 178,986 
**Projected SSBmMSY 3,016,420 3,665,360 160,413 153,413 3,858 7,902 
ABC2100 (t) 2,364,920 2,425,890 172,224 174,966 30,941 33,190 
**mMSY2100 (t) 2,075,700 2,749,000 172,208 176,166 1,658 3,529 
F40% 0.772 1.353 0.334 0.359 0.106 0.121 
FmMSY 0.385 0.443 0.367 0.396 0.279 0.287 

* SSB is based on the projected SSB at 2100 (equilibrium) 
** mMSY is aggregate multi-species yield 

Response to SSC and Plan Team comments 

General comments: 
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Comments specific the Multi-species stock assessment model (CEATTLE) 

SSC: CEATTLE (Climate-Enhanced, Age-based model with Temperature-specific Trophic Link-
ages and Energetics, Holsman et al.): Ongoing work on a multispecies, age-structured population 
work is presented in a supplement to the SAFE. It is being developed as a strategic approach 
to examine trophic linkages and environmental drivers among walleye pollock, Pacific cod, and 
arrowtooth flounder. It is not meant as an operational replacement for the main single-species 
models for these stocks, but rather to help explain some of the mechanisms driving the results 
from the single-species models. Results from CEATTLE agree reasonably well with single-species 
models and offer additional insights into stock dynamics. For example, the predicted high preda-
tion mortality on pollock of the 2015 year class is noteworthy, which is presumably a combination 
of changes in abundance of the three species and temperature effects on consumption/metabolism. 
The SSC encourages further work on model development in CEATTLE, including the addition 
of other species (Pacific halibut, fur seals, Steller sea lions) and investigating its potential use in 
management strategy evaluation 

We appreciate the Council’s support for the CEATTLE model and are continuing to develop 
methods to incorporate Pacific halibut and Northern fur seals into the model. The model is also 
a core method being used in the Alaska Climate Change Integrated Modeling project (ACLIM) 
to evaluate management strategy performance under future climate conditions. Initial results 
from that project were presented to the Council and AP in October 2017. 
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MSCAA models for evaluating annually varying M 

Multi-species statistical catch-at-age models (MSCAA) are an example of a class of multi-species ‘Models 
with Intermediate Complexity for Ecosystem assessments’ (i.e., MICE; Plagányi et al., 2014), which have 
particular utility in addressing both strategic and tactical EBFM questions (Hollowed et al. 2013; Fogarty 
2014; Link and Browman 2014; Plagányi et al., 2014). MSCAA models may increase forecast accuracy, may 
be used to evaluate propagating effects of observation and process error on biomass estimates (e.g., Curti 
2013; Ianelli et al., 2016), and can quantify climate and trophic interactions on species productivity. As such 
MSCAA models can address long recognized limitations of prevailing single species management, notably 
non-stationarity in mortality and biological reference points, and may help reduce risk of overharvest (Link 
2010; Plagányi et al., 2014; Fogarty 2014). Because multispecies biological reference points (MBRPs) from 
MSCAA model are conditioned on the abundance of other species in the model (Collie and Gislason 2001; 
Plagányi et al., 2014; Fogarty 2014), they may also have utility in setting harvest limits for multi-species 
fleets, evaluating population dynamics in marine reserves or non-fishing areas, and quantifying trade-offs 
that emerge among fisheries that impact multiple species in a food web (see reviews in Pikitch et al., 2004; 
Link 2010; Levin et al., 2013; Link and Browman 2014; Fogarty 2014). 

Depending on their structure, MSCAA models can be used to evaluate climate- and fisheries-driven changes to 
trophodynamic processes, recruitment, and species abundance (Plagányi et al., 2014). MSCAA models differ 
somewhat among systems and species, but most use abundance and diet data to estimate fishing mortality, 
recruitment, stock size, and predation mortality simultaneously for multiple species in a statistical framework. 
Similar to age structured single species stock assessment models widely used to set harvest limits, MSCAA 
models are based on a population dynamics model, the parameters of which are estimated using survey and 
fishery data and maximum likelihood methods (e.g., Jurado-Molina et al., 2005; Kinzey and Punt, 2009; 
Van Kirk et al., 2010; Kempf 2010; Curti et al., 2013; Tsehaye et al., 2014). Unlike most single-species 
models (but see Hollowed et al. 2000b; Spencer et al. 2016), MSCAA models additionally separate natural 
mortality into residual and annually varying predation mortality, and model the latter as a series of predator-
prey functional responses. Thus, natural mortality rates for each species in MSCAA models depend on the 
abundance of predators in a given year and vary annually with changes in recruitment and harvest of each 
species in the model. 

MSCAA models have specific utility in quantifying direct and indirect effects of fisheries harvest on species 
abundance and size distributions (see reviews in Hollowed et al., 2000a, 2013; Link 2010; Fogarty 2014; Link 
and Browman 2014; Plagányi et al., 2014), which is important for EBFM and trade-off analyses of various 
management strategies. Rapidly shifting climate conditions are also of growing concern in fisheries manage-
ment as changes in physical processes are known to influence individual growth, survival, and reproductive 
success of fish and shellfish (Hanson et al., 1997; Kitchell et al., 1977; Morita et al., 2010; Hollowed et al., 
2013, Cheung et al., 2015). Climate-driven changes in water temperature can directly impact metabolic 
costs, prey consumption, and somatic or gonadal tissue growth, with attendant indirect effects on survival, 
production, and sustainable harvest rates (e.g., Hanson et al., 1997; Morita et al., 2010, Cheung et al., 
2015). Temperature-dependent predation, foraging, metabolic, and growth rates are common in more com-
plex spatially-explicit food web or whole of ecosystem models such as GADGET (e.g., Howell and Bogstad 
2010; Taylor et al., 2007), Atlantis (e.g., Fulton et al., 2011; Kaplan et al., 2012; 2013), and FEAST (Ortiz et 
al., 2016). Temperature functions for growth and predation can also be incorporated into MSCAA models, 
allowing this class of models to be used to evaluate interacting climate, trophodynamic, and fishery influences 
on recommended fishing mortality rates. 

Numerous studies point to the importance of using multi-species models for EBFM (see review in Link 2010). 
Multi-species production models produced different estimates of abundances and harvest rates than single 
species models for Northeast US marine ecosystems (Gamble and Link, 2009; Tyrrell et al., 2011), and MSY 
of commercial groundfish stocks estimated from aggregated production models are different than the sum of 
MSY estimates from single-species assessments (Mueter and Megrey, 2006; Gaichas et al., 2012; Smith et al., 
2015). Multi-species models have been used to demonstrate long-term increases in yield of Icelandic stocks of 
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Atlantic cod (Gadus morhua) and reductions in capelin (Mallotus villosus) and Northern shrimp (Pandalus 
borealis) catch associated with short-term decreases in cod harvest (Danielsson et al., 1997). Kaplan et al. 
(2013) demonstrated the disproportionately large ecosystem impacts of applying the same Fx% (e.g., Fx%, 
or the harvest rate that reduces spawning stock biomass to x% of unfished spawning stock biomass, SSB0; 
Caddy and Mahon, 1995; Collie and Gislason, 2001) harvest control rule approach to forage fish as is used 
for groundfish in the northeast Pacific, and trophodynamics in a southern Benguela ecosystem resulted in 
higher carrying capacity for small pelagic species under fishing (versus no-fishing) scenarios (Smith et al., 
2015). 
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Since natural mortality and recruitment rates in a MSCAA model are conditioned on harvest rates of 
predators in the model, an ongoing area of research is evaluating MSCAA model analogs to single-species 
biological reference points (see Moffitt et al., 2016), such as harvest rates that correspond to maximum yield 
(FMSY) or proxies thereof (e.g., Fx%). Other multi-species models have been used to derive and evaluate 
MBRPs, although these have largely focused on MSY (e.g., Kaplan et al., 2013; Smith et al., 2015). A 
notable exception is Collie and Gislason (2001), who evaluated a variety of MBRPs using a multi-species, 
virtual population analysis and found MBRPs to be sensitive to variation in natural mortality (much less 
so to variability in growth), and as such proposed that fishing mortality reference levels for prey species 
with high mortality be conditioned on the level of predation mortality. Building on this approach, Moffitt et 
al. (2016) recently demonstrated a projection approach for using multi-species models to derive a variety of 
MBRPs for EBFM. This provides a basis for the application of MSCAA models for increased use in tactical 
and strategic EBFM decision-making across a diversity of management frameworks worldwide. 

MSCAA for EBM in Alaska 

The eastern Bering Sea (Alaska), is defined by large, climate-driven changes to trophodynamics and species 
productivity that can vary on annual and multi-annual timescales (see reviews in Aydin and Mueter 2007; 
Hunt et al., 2011; Stabeno et al., 2012; Baker et al., 2014). Accordingly, fisheries management in Alaska 
has a long history of using ecosystem information and multi-species models for strategic management advice 
(e.g., multi-species model-based indices, such as mean trophic level, are regularly reported in the annual 
Ecosystem Considerations chapter of Alaska Stock Assessment and Fishery Evaluation (SAFE) reports; see 
review in Livingston et al., 2011). Development of multiple MSCAA models in the region (Jurado-Molina et 
al., 2005; Kinzey and Punt , 2009; Van Kirk, 2010) has advanced regional EBFM, facilitating use of estimates 
from MSCAA models in single-species models used for tactical decisions in the region. For instance, Dorn 
et al. (2014) recently evaluated predation mortality estimates from a regional MSCAA model developed by 
Van Kirk (2010) to inform natural mortality for the Gulf of Alaska walleye pollock (Gadus chalcogrammus, 
hereafter “pollock”) stock assessment. 

MSCAA models may be most useful for species that exhibit strong trophic interactions (predator and prey 
species) or contrasting management or biological constraints that require simultaneous evaluation (Link 
2010). In the eastern Bering Sea, pollock support one of the largest fisheries worldwide, with over 1.2 million 
metric tons (t) harvested per year (representing ~99% of the annual quota; Ianelli et al., 2014). Pollock are 
both predators (adults) and prey (i.e., ages <2; Dunn and Matarese, 1987; Nishiyama et al., 1986) for a 
variety of species including cannibalistic conspecifics (e.g., Boldt et al., 2012). Variable climate conditions, 
particularly the spatial extent of winter sea ice, the timing of sea ice spring melt, and subsequent summer 
bottom temperatures, can differentially promote survival of pollock and their predators and/or modulate 
predator and prey overlap in the region (e.g., Baily 1989; Zador et al., 2011; Boldt et. al 2012; Hunsicker et 
al. 2013; Baker and Hollowed 2014). Diet analyses suggest Pacific cod (Gadus macrocephalus), cannibalistic 
conspecifics, and arrowtooth flounder (Atheresthes stomias), amongst others, are important predators of 
pollock populations in the eastern Bering Sea (Livingston 1993; Aydin and Mueter 2007; Mueter et al., 
2007). 
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Here we present a three species MSCAA model for the Bering Sea (hereafter CEATTLE, for Climate-
Enhanced, Age-based model with Temperature-specific Trophic Linkages and Energetics) that includes 
temperature-dependent von Bertalanffy weight-at-age functions (VBGF; von Bertalanffy, 1938) and 
temperature-specific, bioenergetics-based predation interactions. CEATTLE, is an example of an 
“environmentally-enhanced” stock assessment model (sensu Link 2010), where temperature-specific al-
gorithms predict size-at-age and predation mortality. CEATTLE is programmed in AD model builder 
(Fournier et al., 2012), and builds on earlier models that combine catch-at-age assessment models with 
multi-species virtual population analysis (MSVPA) in a statistical framework (i.e., Jurado-Molina et al., 
2005). Abundance and biomass of each cohort is modeled using standard population dynamics equations, 
accounting for a plus age group (Table 1, Eqs. 1, 2). The initial age-structure is assumed to correspond to 
unfished equilibrium, and the numbers of each species i at age j in year 1 (N0,ij ) are treated as estimable 
parameters (Eq.1 ), such that: 

Eq. 1 
( M1R0 e −j ij )

,i N0,ij y = 1 1( ) < j < Ai
Nij,1 = R0

i,A
,ie

(−j M1i,Ai )N (
0,i,Ai / 1 − e −M1

i ) y = 1 j � Ai 

The number of each species i, age a each year y is then: 

Eq. 2 

N Zij,y 
i,j+1,y+1 = Ni,j,ye− 1 � y � ny 1 � j < Ai − 1 

N +1 = N 1 e−Zi,Ai −1 +− ,y Zi,A ,y
i,A i,A i

i,y i,Ai ,y N i ,ye− 1 � y � ny j � Ai 

Total mortality of each prey species i, age j (or predator species p age a) in each year y is the sum of mortality 
due to predators in the model (M2ij,y), fishing mortality (Fij,y), and residual mortality (M1ij ), Eq. T1.6). 
Predation mortality (Eq. T2.1) is based on the assumption that the annual age-specific ration of a predator 
is allocated to prey species of a given age according to predator selectivity (Table 2, Eq. T.2.2). Predator 
selectivity is based on the suitability function derived by Jurado-Molina et al. (2005) and fit to available data 
from 1981-2015, while annual ration is a function of temperature-specific allometric relationships between 
ration and fish weight based on bioenergetics models for each species (Eqs. T2.4 and T2.5; see Holsman et 
al. 2016, and Holsman and Aydin, 2015 for more detail). 

The length-to-weight relationships, predator size and species diet preference, bioenergetics-based, 
temperature-specific predator rations, and maturity are based on previous studies (Tables 1 and 2; Table 5; 
Holsman et al. Holsman and Aydin, 2015, Holsman et al. 2016). Size-specific diet compositions for each 
species were assumed known based on diet data collected during the AFSC bottom trawl survey (i.e., diet 
data are not included in the objective function) and trophic patterns in survey and fishery-based diet data 
were used to calculate mean (across years and stations) predator-prey suitability (Eq. T2.2). 

Temperature specific weight at age 

Water temperature is known to directly impact growth through influencing metabolic and digestion rates, 
which often scale exponentially with body weight and temperature (see Hanson et al., 1997 for an overview). 
Thus we modified the generalized formulation of the von Bertalanffy growth function (VBGF; von Bertalanffy 
1938; Pauly 1981; Temming 1994) to predict temperature-dependent growth by allowing the allometric scaling 
parameter d to increase with temperature. Essington et al. (2010) and Holsman and Aydin (2015), and 
Holsman et al. (2016) describe the derivation and application of the VBGF towards bioenergetics modeling 
in great detail, so we do not repeat it here. Essentially, in this formulation d represents the realized allometric 
slope of consumption, which integrates both the direct effect of temperature on consumption and indirect 
ecological interactions that scale with temperature and influence relative foraging rates (see Essington et 
al., 2010; Holsman and Aydin, 2015). We fit the VBGF to otolith-based length- and weight-at-age data (n 
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Figure 1: Mean summer bottom temperature for the Eastern Bering Sea (oC); blue and red represent tem-
peratures below or above (respectively) 1 standard deviation of the 1979-2015 mean; dashed lines represent 
95% confidence intervals; � represent survey replicated temperature estimates from the Bering 10K regional 
ocean model. 

= 21388, 14362, and 772, for pollock, Pacific cod, and arrowtooth flounder, respectively) collected during 
AFSC Bering Sea surveys and analyzed at the AFSC such that: 

Eq. 2 = (−Ki(1Wij,y W ,iy (1 − e −di,y )(j−t0,i)))1/(1−di,y )eε, where 2ε N(0, )1 d,i

where t0,i is the age at which Wij,y = 0, W ,iy is the asymptotic mass which can vary by species i and year y 
1(1 di,y )

1
(i.e., W ,iy = (Hi/Ki) − ), Hi is the assimilation constant Ki is the energy loss constant (Essington et 1
al., 2010), and ε is a normally and independently distributed random variable with mean 0 and variance 2 σ . 
Essington et al. (2010) and Holsman and Aydin, (2015) statistically estimated

d,i

  the d, K and H parameters 
for various species to estimate consumption rates. In particular, Holsman and Aydin (2015) found that the 
d parameter varied between species and regions in Alaska (USA). We further modified this approach to 
estimate d annually for each year y in the dataset, as a linear function of temperature Ty such that: 

Eq. 3 = (e αd,i,y +α0d,i+βd,iTy )di,y 

where α0d,i and αd,i,y represent the mean d intercept and βd,i is the coefficient for the residual effect of 
temperature on the d consumption parameter. We chose this formulation based on the empirical relationship 
between temperature and consumption, assuming that d would capture the differential effects of temperature 
on growth, and that waste rates scale proportionally with weight but do not vary over time with diet or 
temperature (i.e. K is constant but d can vary with temperature). This formulation allows both the 
slope and asymptotic limit of growth to vary with temperature. Similar approaches, with slightly different 
modifications to the VBGF, including temperature and prey specific terms for d and K, respectively, have 
been used elsewhere to evaluate climate impacts on fish growth (e.g., Cheung et al., 2015; Hamre, 2003). 

8 



December 2017 Multi-species supplement

NPFMC Bering Sea and Aleutian Islands SAFE
Page 193

Table 1. Population dynamics equations for species i and age j in each simulation year y. BT 
indicates the AFSC bottom trawl survey and EIT represents the echo-integrated acoustic-trawl 
survey. For all other parameter definitions see Table 3. 

Definition Equation 

Recruitment N 1 = R ( R0 eτ
  = i,y

i, i,y τ  2
,y ,i ) i,y ~ N(0, σ ) T1.1 

Catch (numbers) C  
,y = Fij,y

ij 1 − e∑Z
−Z  

,y
T1.2( ij,y N

  ( ij,y 
ij ) )

Total yield (kg) A
Y i Fij,y Z  

i,y = 1 − e ,y
j 

− ij Nij,yWij,y T1.3 Z

Biomass
ij,y 

 at age (kg) Bij,y = Nij,yWij,y T1.4 
Spawning biomass at SSBij,y = Bij,yρij T1.5 
age (kg) 
Total mortality at Zij,y = M1ij + M2ij + Fij T1.6 
age ( )
Total mortality at 

f 2 Fij,y = F eϵ
0

i,y Sij
,i  ϵi,y ˘ N 0, σF,i T1.7 

age ( ) 
Weight at age (kg)

1

 ( K t0,i))W ,yi(1 d  )(j 1−di,y i
ij,y = W ,iy

− −
1  1

α

− e − T1.8a 
= (αd,i,y +d 0

 e ,d,i+βd,iTy )
i,y T1.8b ( )1/(1−di,y )

W Hi T1.8c 1,iy = ∑ K
Ai

( )ˆ
i

Bottom trawl survey s 0.5Zij,y S βi,y = j Nij,ye− Wij,ySij T1.9 
biomass (kg) ∑ ( )
Acoustic survey ˆeit = Ai −0.5β N e Z

1 1
 

j,y 
j Seit eit

  j,y W1 ,y 1  q1  (pollock only) T1.10 
biomass (kg)

y j j ,j

 
Fishery age Ôf ∑Cij,y 

 = 
composition

ij,y T1.11 
C

 
ij,y 

j 

0

Bottom trawl age ˆ = ( . ) S5(
s e

−Z S
N ij

 
ij

O  
,y 

  )
ij,y ∑ 

ij,y  
composition

0.5
T1.12(−Z Sij,y ) S

 N ij
ij,y e 

j 
0 5

Acoustic trawl age  
Ô = 

− . Z1j,y Seit eit

 1j,y eeit ∑ N 1j q1,j

1j,y 0 5 . Z1j,y eit eit (p ck − ollo only) T1.13
comp j

(N1j,y e S q
 1j 1,j )

 
osition 

Bottom 1 trawl s S
selectivity

ij = T1.14 
 1+e( S−b j aS

i 
· −

i ) ( )
Fishery selectivity f Sij = eηij j 

f 

� Aη,i ηij ˘ 2 N 0, σf,i T1.15 

S ηij Aη,i
ij = e  j > Aη,i 

Proportion female ω = e −jMfem
ij e−jMfem +e−jMmale T1.16 

Proportion of mature ρij = ωij ϕij T1.17 
females 
Adjusted weight at W = W fem

ij,y ij,y ωij + (1 − maleωij )W 
age (kg)

ij,y T1.18 
 

Adjusted residual M1ij = male  M1fem 
ij ωij + (1 − ωij )M1

natural mortality
ij,y T1.19 

 
(kg) 

We used this approach to derive annual temperature-specific coefficients of d for pollock and Pacific cod 
(combined sexes) and separately for male and female arrowtooth flounder (Table 3; Table 5). For arrowtooth 
flounder, we then used the age-specific proportions of mature females (ρij ) and males (1 − ρij ) to derive 
the mean weight-at-age for both sexes combined (Eq. T1.18 and Table 5). Lastly, male and female natural 
mortality rates (Mmale and Mfem , respectively) and age-specific maturity proportions (ϕij ) from the 2012 
stock assessments for eastern Bering Sea pollock (Ianelli et al., 2012), and Bering Sea and Aleutian Islands 
Pacific cod (Thompson and Lauth, 2012) and arrowtooth flounder (Spies et al., 2012), were used to derive 
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estimates of the proportion of mature females at age (ρij ; Eq. T1.17). 

Table 2. Predation mortality (M2) equations for predators p of age a, and prey i of age j. 

Definition Equation ( )∑ 
Predation mortality M2ij,y = ( Npa,y δpa,y S̄  ∑ ) paij( ∑ ) 

pa T2.1 ¯ ( ¯ )⎛ S + paij Bij,y Bother 
p 1− ⎞ Spaij 

ij ij ∑ Ū ⎜ paij ⎟Predator-pery suitability ¯ 1   S
Bij,y 

paij = ∑  ny y ⎝ ( ) ⎠ T2.2∑ 1+ ¯ ¯ U
U paij

paij + ij
other

¯ 
ij Bij,y B

Mean
p

 gravimetric diet U
U paij

paij = T2.3 
proportion

ny 

 

Individual (1+βδ ) specific ration δpa,y = φ̂pαδWpa,y f (Ty ) T2.3 
(kg kg−1yr−1)

p
 

Temperature scaling ( (1
y ) = ))f (T V X e X −V T2.5 

consumption
p

 algorithm ( ) ( )
V = T cm (  T cm − T co

p − Ty / ( p p T2.5a) )
2

X = 2Z 1 + (1 + 40/Y )0.5
/400 T2.5b ( ) ( )

Z = ln Qc    T2.5c( p) (T cm − T co
p p )

Y = ln Qc T cm 
p p − T co

p + 2 T2.5d

Parameter estimation & data 

The parameters of the model are either pre-specified or estimated by selecting parameters that minimize the 
log-likelihood function (Table 3) and include fishing mortality rates (Fij,y ), fishery and survey selectivity
( f ss
(

ij and sij , respectively), initial (pre-harvest) abundance in year 1979 (N0,ij ), and annual recruitment
Ri,y), while the estimable parameter of the likelihood function is the catchability coefficient for the acoustic 
survey ( eitq1 ; Table 3; Table 4). We fit the model to available survey and fishery data for the eastern Bering 
Sea including biomass estimates and age-composition data from the annual AFSC summer bottom trawl 
survey (Eqs. T4.1 and T4.2), biomass and age-composition data from the AFSC Acoustic-trawl (AT) survey 
(pollock only) (Eqs. T4.3 and T4.4), and the total fishery catch and fishery age-composition data collected 
by AFSC observers and analyzed at AFSC (Eqs. T4.5 and T4.6; Hilborn and Walters, 1992; Quinn and 
Deriso, 1999). Penalties were imposed on the changes over age in fishery selectivity (Eq. T4.7). Likelihood 
priors were applied to normalize the log of annual recruitment and the fisheries mortality deviations, as well 
as initial abundances (Eqs. T4.8-T4.10). Selectivity for the AT survey was set to previously reported values 
(Table 3; Honkalehto et al., 2011; Ianelli et al., 2012). 

Table 3. Parameter definition (n is the number of parameters for estimated parameters only, 
value (Plk: Pollock; Cod: Pacific cod; Atf: Arrowtooth flounder both sexes; AtfM: Arrowtooth 
flounder males; AtfF: Arrowtooth flounder females), and source. I: Input parameter (assigned); 
M: model index; E: Estimated parameter; F: fixed parameter P: Derived quantity; D: Data. 

Parameter Definition Type Value Source 

y Year M [1, 2, 3 . . . ny] e 
p Predator M [1, 2, 3 . . . np] e 
a Predator age (years) M [1, 2, 3Ap] e 
i Prey M [1, 2, 3ni] e 
j Prey age (years) M [1, 2, 3Ai] e 
ni Number of prey species I 3 e 
np Number of predator species I 3 e 
R0,i Mean Recruitment; n = [1, 1, 1] E �0 e 
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Parameter Definition Type Value Source 

i,y Annual recruitment deviation; n = [34, 34, 34] E number e 
N0,ij Initial abundance; n = [11, 11, 20] E � 0 e 
F0,i Mean fishing mortality; n = [1, 1, 1] E � 0 e 
ϵi,y Annual fishing mort. deviation; n = [34, 11, 20] E number e 
ij Fishery age selectivity coef. ; n = [8, 8, 8] E number e 

s bi Survey age selectivity slope; n = [1, 1, 1] E number e 
sai Survey age selectivity limit ; n = [1, 1, 1] E number e 

di,y VBGF allometric slope of consumption P � 0 e 
W,iy VBGF max asymptotic weight (kg) P > 0 e 
ρij Proportion of mature females at age P 2 [0, 1] e 
M1ij Residual natural mortality F � 0 e, h 
ny Number of estimation years I 39 e 
y0 Start year I 1979 e 
ωij Female proportion of population F 2 [0, 1] c 
ϕij Age-specific maturity proportions F 2 [0, 1] c 
Ci,y

� 
 Observed total yield (kg) D f

f 
� 0  

Oij,y Observed fishery age comp. D , 1] 
s 

2 [0 f 
Oij,y Observed BT age comp. D 

eit 
2 [0, 1] b 

O1j,y Observed AT age comp. D g
s 

2 [0, 1]  
βi,y Observed BT survey biomass (kg) D number b 

eit βy Observed AT survey biomass (kg) D number g 
Ty Bottom temperature ( ^oC) D number b 
Upaij,y Gravimetric proportion of prey in predator stomach D 2 [0, 1] b 

other Bp Biomass of other prey (kg) D 0
eit 

� h 
S1j AT survey selectivity F 2 [0, 1] c 

Table 3 (continued). Parameter definition (n is the number of parameters for estimated 
parameters only, value (Plk: Pollock; Cod: Pacific cod; Atf: Arrowtooth flounder both sexes; 
AtfM: Arrowtooth flounder males; AtfF: Arrowtooth flounder females), and source. I: Input 
parameter (assigned); M: model index; E: Estimated parameter; F: fixed parameter P: Derived 
quantity; D: Data. 

Parameter Definition Type Pollock Cod ATF Source 

Ai Number of prey ages I 12 12 21 e 
Ap Number of predator ages I 12 12 21 e 
ˆ Annual relative foraging rate (d yr−1φp ) I d 
αδ Intercept of the allometric maximum I 0.119 0.041 0.125 a 

consumption function (g g−1 yr−1) 
βδ Allometric slope of maximum I -0.460 -0.122 -0.245 a 

consumption 
T cm 

p Consumption maximum physiological I 15.00 21.00 34.13 a 
temperature (oC) 

T co 
p Consumption optimum physiological I 10.00 13.70 19.60 a 

temperature (oC) 
Qc 

p Max consumption parameter I 2.60 2.41 2.18 a 
α0d,i Intercept for VBGF d parameter F -0.817 -0.375 M: -0.213 d 

F: -0.340 
αd,i,y Annual intercept for VBGF d F 
βd,i Temperature covariate for VBGF d F 0.009 0.004 M: -0.0057 d 

F: -0.0115 
Ki VBGF energy loss (kg kg−1 yr−1) F 0.22 0.45 M: 1.08 d 
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Parameter Definition Type Pollock Cod ATF Source 

Hi 

t0,i 

Mi
fem 
 

Mi
male 
 

 VBGF assimilation (kg kg−d yr−1) 

VBGF age when Wij,y= 0 (years) 

Female natural mortality 
Male natural mortality 

F 

F 

F 
F 

16.34 

0.53 

NA* 
NA* 

9.30 

-0.16 

0.37 
0.37 

F: 0.38 
M: 5.19 
F: 5.90 

M: -1.00 
F: -0.28 

0.35 
0.20 

d 

d 

c 
c 

* pollock age-specific M1 residual mortalities from the assessment were used (same values 
male and females). 
a. Holsman and Aydin 2015 
b. Alaska Fisheries Science Center eastern Bering Sea bottom trawl survey 
c. Stock assessments (Ianelli et al., 2012; Thompson and Lauth, 2012; Spies et al., 2012) 
d. Tables 5 & 6 
e. This assessment 
f. Fishery observer data 
g. Alaska Fisheries Science Center echo-integrated acoustic trawl survey 
h. Juarado Molina et al., 2005 

for 

Harvest scenarios and reference points 

For all future scenarios, we set the bottom temperature in the model to the mean of the historical observed 
temperatures (Fig. 1). We used the approach for deriving biological reference points (BRPs) proposed 
by Moffitt et al. (2016) and implemented by Holsman et al. (2016). All projections use a Ricker stock 
recruitment curve without environmental covariates that was fit to model estimates of recruitment and 
spawning stock biomass. Here we adopted the current over fishing limit (OFL) for Tier 3 acceptable biological 
catch ABC and MSY proxies for Bering Sea groundfish stocks; 40% of unfished biomass as the proxy target 
biomass for the ABC, and 35% as the proxy for BMSY (female spawning biomass corresponding to maximum 
sustainable yield, MSY, i.e., 35% of ; Punt et al., 2014; NPMFC, 2013; Clark et al., 1991; Brooks et al., 
2010). 

The species-specific, acceptable biological catch (ABCx,i,y) for each harvest scenario was calculated as the 
fishery yield for each year y of the projection period [1, nfut ] given a constant fishing mortality rate for the 
projection period that

y

 satisfies each harvest scenario objective (FABC � 
,x,i), such that: ∑

Eq. 4 ABC = Ai (( f
x,i,y F Z

 j ABC � s /Z e− x,ij,y 
,x,i ij x,ij,y)(1 − )Nx,ij,y Wij,y)

where f Zx,ij,y is the control-rule specific total annual mortality for species i age j in the set [1, 2, . . . Ai], s
is fishery age selectivity, and Nx,ij,y and Wij,y are the annual species-specific abundance

ij

  and weight-at-age 
for each projection year y. Using this approach, we found the species-specific fishing mortality rate (F x,i

� )
that results in mean female spawning biomass (SSBF,i) in the target projection period (i.e., last 5 years; 
2046-2050) under fishing that is equal to the target proxy percentage (i.e., 40%) of mean unfished female 
spawning biomass (SSB0,i; Table 5). To find FABC � 

,x,i, we iteratively project the model to find the SSBF,i 

that corresponds to a given harvest rate Fx,i � , adjusting Fx, � 
i downwards if SSBF,i is below the target or 

upwards if SSBF,i is above the target, until we achieve SSBF,i near or at the proxy of 40% of SSB0,i. We 
ran this harvest scenario with the following variations: 

• Find the ABC proxy biomass of 40% of unfished spawning biomass, where unfished biomass (SSB0,i) 
is determined from projections where F is set to 0 for pollock and Pacific cod simultaneously, and then 
arrowtooth. 

• Iterate (i.e., eight iterations of the optimization algorithm) to find the species-specific fishing mortality 
rates that maximize the total combined yield (i.e., sum of yield for all three species) over the last 5 
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years of the projection period and where female spawning biomass for each species is not permitted to 
drop below 35% of the corresponding unfished female spawning biomass. 

• 2016 model: Find the ABC proxy biomass of 40% of unfished spawning biomass, where unfished 
biomass (SSB0,i) is determined from projections where F is set to 0 for all species simultaneously. 

Results 

Model parameterization 

The multi-species mode of the model achieved a slightly higher over-all fit to the data (i.e., lower negative 
log-likelihood with the same number of estimated parameters for both models) for pollock and similar fits 
to the data for P. cod and arrowtooth. Both models fit annual total catch for all three species closely ( 
0.996734; Fig. 2). We observed similar fits to survey biomass and age composition data from the single-
species (i.e.,M2ij,y set to 0, hereafter “single-species model”) and multi-species modes of CEATTLE (Figs. 
3,9-14 ). Although both models predicted similar historical total and female spawning biomass, inclusion 
of trophic interactions in the multi-species model resulted in slightly higher estimates of total biomass for 
pollock (Fig. 3). 

Inclusion of predation interactions in CEATTLE improved model fit to observations of survey age composition 
for pollock, with average annual Pearson correlation coefficient (i.e., 2R ) values from CEATTLE model in 
multi-species mode of 0.85 versus single-species version of CEATTLE model values of 0.82. The single-
and multi-species models performed similarly well for the annual Pacific cod and arrowtooth survey age 
composition data ( 0.77 for P. cod and 0.67 for arrowtooth, respectively), and fishery age composition data 
for all three species ( 0.81, 0.96, and 0.89 for pollock, Pacific cod, and arrowtooth flounder, respectively). 
The single- and multi-species models fit the survey estimates of biomass with similar accuracy (single- and 
multi-species , 2 R respectively, of 0.52 and 0.52 for pollock, 0.8 for both models for Pacific cod, and 0.66 and 
0.65 for arrowtooth), although the multi-species model fit the survey age data slightly better for pollock and 
slightly less for P. cod and arrowtooth (negative log-likelihood = 421.92, 532.35, 559.11 and 364.18, 543.04, 
565.5 for the single- and multi-species models, respectively). Survey and fishery age selectivity curves were 
similar for single- and multi-species models for each species (Fig. 4). 

Table              
run in single-species mode (SSM) and multi-species mode (MSM). 

4. Correlation coefficients for survey biomass and age composition data from the model

Table 4. SSM MSM 

Total survey biomass 
Pollock 0.52 0.52 
P. cod 0.8 0.81 
Arrowtooth 0.66 0.65 
Survey age composition 
Pollock 0.86 0.85 
P. cod 0.9 0.88 
Arrowtooth 0.54 0.56 

Predation mortality varied considerably with changes in predator abundance over time (Fig. 5). Cannibalism 
was the largest source of predation mortality for pollock (Figs. 6, 7) with older conspecifics exhibiting a 
high preference (i.e., total pollock suitability >0.75; Fig. 4) for juvenile pollock (ages 1-3; Fig. 4.g). Larger 
pollock also appear to target small arrowtooth flounder, as evidenced by a slight increase in total suitability 
of arrowtooth for pollock ages 6-10 (Fig. 4.g). Similarly, younger Pacific cod (ages 2-6) also target arrowtooth 
flounder (Fig. 4.h). Pacific cod increasingly target pollock prey as they age, and larger, older Pacific cod 
diets are dominated by age 1 pollock prey. Pacific cod also appear to be cannibalistic from ages 4 through 9. 
In contrast arrowtooth flounder prefer pollock throughout their lives, with total suitability coefficients (for 
all pollock ages) between 0.5 and 1.0 for arrowtooth flounder ages 1 through 18 (Fig. 13.i). 
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Natural mortality (M1ij +M2ij,y) was highest for age 1 fish of all three species (Fig. 5), and greatest for 
pollock (relative to Pacific cod or arrowtooth flounder). Combined annual predation demand (annual ration) 
of pollock, Pacific cod, and arrowtooth flounder in 2017 was 6.07 million t, down slightly from the 7.65 
million t annual average during the warm years of 2014-2016. Walleye pollock represent approximately 78 
% of the model estimates of combined prey consumed with 4.84 consumed annually by all three predators in 
the model (Fig. 6). At 1.69 yr−1 age 1 mortality estimated by the model was greatest for pollock relative to 
Pacific cod or arrowtooth flounder. Age 1 mortality was lower for Pacific cod and arrowtooth flounder, with 
total age 1 natural mortality stable at around 0.69 and 0.65 yr−1, respectively, although both were above 
long–term means in 2015-2017. 
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Temporal patterns in natural mortality reflect annually varying changes in predation mortality that primarily 
impact age 1 fish (but also impact ages 2 and 3 fish in the model). Pollock are primarily consumed by older 
conspecifics, and pollock cannibalism accounted for 55% (on average) of total predation mortality for age 
1 pollock except for 2006-2008 when predation by arrowtooth flounder exceeded cannibalism as the largest 
source of predation mortality of age 1 pollock; Fig. 7). 

We find evidence for recent elevated rates of predation mortality on age 1 pollock, pacific cod, and arrowtooth 
flounder. This pattern may reflect higher metabolic (and energetic) demand of predators under warm 
conditions combined with maturing large 2010-2012 age classes of pollock and pacific cod that have increased 
predator demand in the EBS (Holsman et al. 2015, Spencer et al. 2016, Hunsicker et al., 2013, Zador et al. 
2011). This pattern may also explain low model estimates of recruitment of EBS pollock and Pacfic cod in 
recent years. 

Between 1980 and 1993, the relatively high natural mortality rates reflect patterns in combined annual 
demand for prey by all three predators that was highest in the mid 1980’s (collectively 7.84 million t per 
year), and in recent years (collectively 7.25 million t per year; Fig. 6a). The peak in predation mortality of 
age 1 pollock in 2006 corresponds to the maturation of a large age class of 5-7 year old pollock and 2 year old 
Pacific cod that dominated the age composition of the two species in 2006 (Fig. 10). Similarly, the recent 
peaks in mortality in 2016 reflect maturation of the large 2012 year class of pollock. 

Pollock are both the dominant predator and a primary prey species in the multi-species model, second only to 
the ‘other prey’ category (Fig. 5a,b). After ‘other prey’ and pollock, the next most dominant prey category 
consumed is Pacific cod, followed by arrowtooth flounder (Fig. 5b). Pollock are primarily consumed by older 
conspecifics, and pollock cannibalism accounted for 56% (on average) of total predation mortality for age 
1 pollock except for 2006-2008 when predation by arrowtooth flounder exceeded cannibalism as the largest 
source of predation mortality of age 1 pollock; Fig. 7). 

The multi-species version of CEATTLE compensates for elevated predation mortality on younger age classes 
by increasing estimates of recruitment. Thus, recruitment is higher in the multi-species model than in 
the single-species model for all three species, especially those with high predation rates (i.e., pollock). The 
direction of change in annual recruitment estimates from year-to-year was generally the same for both models 
(i.e., both models increased or decreased recruitment in the same year; Fig. 8a). Pollock recruitment from 
the single-species version of CEATTLE was positively correlated with Pacific cod recruitment (R2 = 0.7 ) 
and slightly inversely correlated with arrowtooth recruitment ( R2 = -0.19 ). Correlations between pollock 
recruitment and Pacific cod or arrowtooth recruitment were similar between the single- and multispecies 
versions, although correlations were weaker in the multi-species model for Pacific cod (R2 = 0.62). 

The single- and multi-species models estimate similar fishing mortality rates for pollock that have remained 
relatively stable at around 0.15 since the early 1980’s (Fig. 9). Both models also estimate low and relatively 
steady fishing mortality rates for arrowtooth flounder (i.e., ~ 0.04). The adjustment of residual mortality for 
Pacific cod from 0.37 to 0.38, to match the recent stock assessment (Thompson et al. 2017), results in slightly 
higher estimates of fishing mortality over time (0.4-0.6) as compared to the 2016 assessment (0.24-0.45), with 
indications of declines in fishing mortality in recent years (Fig.9). 

14 

http:0.24-0.45


Harvest scenarios and reference points 

December 2017 Multi-species supplement

NPFMC Bering Sea and Aleutian Islands SAFE
Page 199

Projecting CEATTLE forward under mean recruitment produces trajectories of female spawning stock 
biomass that can be used to derive multi-species biological reference points and attendant fishing mor-
tality rates (Holsman et al. 2016). Projections under the Ricker spawner-recruitment model lead to some 
over-compensation recruitment dynamics in the first years of the projection (especially for single-species 
models; Fig. 14; sensu Botsford, 1986). However, a >70 year projection period was sufficient to allow such 
dynamics to reach a relative equilibrium (Figs. 14,15). 

In general, unfished and harvested female spawning stock biomass (SSB0,iy and SSBtarget,iy , respectively) 
were lower for projections of the multi- than the single-species model (Fig. 14). Unfished female spawning 
biomass from the multi-species version of CEATTLE was higher than historical female spawning biomass for 
pollock and Pacific cod, and approximately equal to recent female spawning biomass for arrowtooth flounder 
(Fig. 15). 

Application of MBRPs toward EBFM 

Development of diverse multi-species biological reference points (MBRPs) from multi-species models is a 
necessary step in moving forward with EBFM (Link, 2010; Link and Browman, 2014). Projecting CEATTLE 
provides proxies for MBRPs that can readily be implemented in current OFL control rules for Alaska 
fisheries management and demonstrates the range of possible considerations as well as individual strengths 
and weaknesses of each control rule approach. Like previous authors, we found that ABC proxies were lower 
than the single-species CEATTLE model estimates (e.g., Gaichas et al., 2012). That said, Holsman et al. 
(2016) found that MBRPs do not inherently result in lower harvest recommendations than single-species 
corollaries (i.e., BRPs); comparative risk of over- or under-harvest depends on the degree of inter-specific 
predation and cannibalism. They also found that recommended harvest rates were relatively consistent 
between harvest scenarios, especially if target minimum biomasses are included for individual species. They 
also found that climate and trophic drivers can interact to affect MBRPs, but for prey species with high 
predation rates, trophic and management-driven changes may exceed direct effects of temperature on growth 
and predation. Given this, MSCAA models can readily be used for tactical EBFM decisions under changing 
climate conditions, if, as suggested by Holsman et al. (2016) and by various authors previously, harvest 
scenarios used for deriving MBRPs combined a minimum biomass threshold with yield targets to meet 
biodiversity and yield objectives (Worm et al., 2009; Gaichas et al., 2012). Biomass thresholds will require 
development of criteria for minimum limits in order represents a necessary advancement of the current 
approach. 

Short-term utility: potential application within current single species assess-
ments 

This work demonstrates some alternative applications of multispecies trophic models within a management 
setting and there may be immediate relevance for current stock assessment models. For example, the 
estimated historical time series of natural mortality at age over time (M1 + M2) could be used directly 
within the assessment or used as priors in alternative assessment models with estimated annually varying 
natural mortality. Similarly, for the case of EBS pollock, the stock recruitment relationship may provide 
a basis for better estimates or prior distribution specification. It may be that by adding the time series 
of estimated total natural mortality at age that the estimated stock recruitment relationship may differ 
substantially given the relative differences in age 1 abundances. Further research on applying alternative 
stock recruitment relationships is needed as well, especially since the application of the Ricker curve has 
traditionally been justified due to cannibalistic nature of pollock—a situation that is partially accounted for 
in this application. 
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Because the natural mortality and growth functions are temperature dependent, long-term applications of 
the CEATTLE model could also include recruitment functions with climate-covariates. In this, the model 
could be combined with short-term forecasts of physical and lower trophic conditions in the Bering Sea, 
and used to refine estimates of recruitment and spawning stock biomass under changing conditions (note 
that extensive model validation would be needed to evaluate predictive performance and potential utility). 
Incorporating additional species into the model, such as northern fur seals and Pacific halibut could help 
provide quantitative estimates of changes in juvenile pollock forage resources associated with different harvest 
rates of groundfish species in the EBS, as well as refined estimates of predation mortality for prey species 
in the model under changing conditions. Finally, ongoing incorporation of harvest scenarios into the model 
will add realism to projections both for assessment purposes and for research applications. 
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Figures & Tables 

Table 5. Temperature-dependent Von Bertalanffy parameter (parm) estimates, standard de-
viation in parameter estimates (stdev), and confidence intervals (CI). 

Age 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

ρij 

plk 0.00 0.01 0.29 0.64 0.84 0.90 0.95 0.96 0.97 1.00 1.00 1.00 
pcod 0.00 0.02 0.06 0.14 0.30 0.53 0.75 0.89 0.95 0.98 0.99 1.00 
atf 0.00 0.00 0.01 0.02 0.06 0.16 0.34 0.59 0.80 0.92 0.97 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
SSM 
M1ij 

plk 0.90 0.45 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 
pcod 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 
atf 0.27 0.26 0.26 0.25 0.25 0.24 0.24 0.23 0.23 0.23 0.22 0.22 0.22 0.22 0.21 0.21 0.21 0.21 0.21 0.21 0.21 
MSM 
M1ij 

plk 0.01 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 
pcod 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 
atf 0.27 0.26 0.26 0.25 0.25 0.24 0.24 0.23 0.23 0.23 0.22 0.22 0.22 0.22 0.21 0.21 0.21 0.21 0.21 0.21 0.21 
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Figure 2: Total observed catch (circles) and model estimates of annual catch (lines) for single- and multi-
species models (note that single species lines may not be visible as they overlap with multi-species estimates). 
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Figure 3: Single- (orange lines) and multi-species (blue lines) retrospective model estimates of total (thick 
solid lines), female spawning (dashed lines), and bottom-trawl survey biomass (thin solid lines). Filled circles 
represent mean observed groundfish survey biomass and standard errors of the mean (error bars). 
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Figure 4: Single-species and multi-species fishery (first row; a-c) or survey selectivity (second row; d-f). Total 
suitability (across all prey species) for each predator age (third row; g-i). 

24 



da
t2

[, 
1]

 +
 d

at
2_

1[
1,

 1
]

2 a) Walleye pollock

1.5

1

0.5

A
ge

 1
 n

at
ur

al
 m

or
ta

lit
y 

(M
1+

M
2) 0

2 yearsb) Pacific cod
single-species

1.5 multi-species

1

0.5

0

2 yearsc) Arrowtooth flounder

1.5

1

0.5

0

1980 1990 2000 2010

Yearyears

da
t2

[, 
1]

 +
 d

at
2_

1[
1,

 1
]

da
t2

[, 
1]

 +
 d

at
2_

1[
1,

 1
]

Figure 5: Annual variation in total mortality (M1ij +M2ij,y for age 1 pollock (a), Pacific cod (b), and
arrowtooth flounder (c) from the single-species models (dashed line), multi-species models with temperature
(black line).
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Figure 6: a) Combined total predator ration (all three predators combined) over time grouped by predator. 
b) Total prey consumed by all three predators combined (note the log scale). c) Pollock predation mortality 
(M2 ; age 1 only) consumed by each predator species. 
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Figure 7: Proportion of total predation mortality for age 1 pollock from pollock (solid), Pacific cod (dashed), 
and arrowtooth flounder (dotted) predators across years. 

27 



years

(o
bs
)

1980 1990 2000 2010

0

50

100

150
R

ec
ru

itm
en

t (
bi

lli
on

s)
 

a) Walleye pollock single-species
multi-species

years

(o
bs
)

1980 1990 2000 2010

0

0.5

1

1.5

2

R
ec

ru
itm

en
t (

bi
lli

on
s)

 

b) Pacific cod

years

(o
bs
)

1980 1990 2000 2010

0

0.2

0.4

0.6

0.8

R
ec

ru
itm

en
t (

bi
lli

on
s)

 

c) Arrowtooth flounder

Year 

December 2017Multi-species supplement

NPFMC Bering Sea and Aleutian Islands SAFE
Page 212

Figure 8: Annual single- and multi-species CEATTLE model estimates of recruitment (age 1) for pollock (a), 
Pacific cod (b), and arrowtooth flounder (c). Lighter shading represents the 95% CI around mean estimates. 
Darker shading represents +/- 1 standard error of the mean estimate. 
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Figure 9: Timeseries of single- and multi-species (gray and black, respectively) CEATTLE model estimates 
of fishing mortality rate for eastern Being Sea walleye pollock (solid lines), Pacific cod (dashed lines), and 
arrowtooth flounder (dotted lines). Note that the single- and multi-species lines for arrowtooth flounder 
overlap. 
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Figure 10: Survey age compostitions for walleye pollock. Colored bars represent observed values, black and 
gray points represent single- and multi-species fits to the data, respectively. 
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Figure 11: Fishery age compostitions for walleye pollock. Colored bars represent observed values, black and 
gray points represent single- and multi-species fits to the data, respectively. 
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Figure 12: Survey length compostitions for Pacific cod Colored bars represent observed values, black and 
gray points represent single- and multi-species fits to the data, respectively. 

32 



1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

1989

1990

1991

1992

1993

1994

1995

1996

1997

1998

1999

2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

2013

2014

2015

2016

2017

Arrowtooth flounder

December 2017 Multi-species supplement

NPFMC Bering Sea and Aleutian Islands SAFE
Page 217

Figure 13: Survey length compostitions for arrowtooth flounder Colored bars represent observed values, 
black and gray points represent single- and multi-species fits to the data, respectively. 
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Figure 14: Single-species CEATTLE model projections of unfished (SSB0; light shading) and fished spawning 
stock biomass at the harvest rate corresponding with the ABC proxy (SSB40%; darker shading) for each 
species. The lines represent different climate scenarios which impact weight at age and predation in the 
model.Only the constant scenario was used for ABC estimates. 
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Figure 15: Multi-species CEATTLE model projections of unfished (SSB0; light shading) and fished spawning 
stock biomass at the harvest rate corresponding with the ABC proxy (SSB40%; darker shading) for each 
species. The lines represent different climate scenarios which impact weight at age and predation in the 
model. Only the constant scenario was used for ABC estimates. 
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Figure 16: Stock-recruit curves for the single-species model. Red and blue text indicates years where bottom 
temperature was + or – 1 standard deviation from the mean (respectively). 
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Figure 17: Stock-recruit curves for the multi-species model. Red and blue text indicates years where bottom 
temperature was + or – 1 standard deviation from the mean (respectively). 
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Figure 18: Proportion mature (ρij ) and residual natural mortality (M1ij ) for each species i and age j in
38the single-species (ssm) or multi-species model (msm) for wallleye pollock (plk), Pacific cod (pcod), and 

Arrowtooth flounder (atf). 
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